In this paper, an offshore airborne wind energy (AWE) farm consisting of three non-reversing pumping mode AWE systems is modelled and simulated. The AWE systems employ permanent magnet synchronous generators (PMSG). A direct interconnection technique is developed and implemented for AWE systems. This method is a new approach invented for interconnecting offshore wind turbines with the least number of required offshore-based power electronic converters. The direct interconnection technique can be beneficial in improving the economy and reliability of marine airborne wind energy systems. The performance and interactions of the directly interconnected generators inside the energy farm internal power grid are investigated. The results of the study conducted in this paper, show the directly interconnected AWE systems can exhibit a poor load balance and significant reactive power exchange which must be addressed. Power control strategies for controlling the active and reactive power of the AWE farm are designed, implemented, and promising results are discussed in this paper.
Introduction
Airborne wind energy (AWE) is a promising technology to overcome the technical and the economic constraints of conventional wind turbines for harnessing the stronger and more consistent winds present at higher altitudes. This technology utilises a tethered free-flying kite or glider or flying turbine (in some design approaches) to reach altitudes unreachable for conventional wind turbines. It eliminates the requirement for civil structures such as towers to elevate the system into the wind. Since the first patent of airborne wind energy by Van Gries in 1938 [1] , several types of AWE systems have been invented and introduced by researchers and engineers in different universities and companies [1] [2] [3] [4] . The non-reversing pumping-mode AWE system employing a kite or a glider for harnessing the wind energy is the focus of this paper [5] . Non-reversing pumping mode AWE systems have been initially developed at the University of Limerick, Ireland [5] [6] [7] . In this type of pumping mode AWE system, a kite or glider is tethered to a ground station consisting of a tether drum coupled to a generator and a fractional scale recovery motor. The operation cycle is divided into two phases, a power phase and a recovery phase. During the power phase, the generator is mechanically connected to the tether drum and generates electrical power from the tension profile provided by the flying wing. At the maximum tether length, the operation must be switched to the recovery phase. During the recovery phase, the generator is mechanically bypassed by an overrunning clutch, and the tether drum is reversed by the recovery motor to recover the tether to its initial length [5] . Use of a separate fractional scale motor for the recovery process is the principal deference of the non-reversing pumping mode AWE systems compared to the conventional pumping mode AWE devices where conventional pumping mode AWE devices where they reverse the generator for use as a motor for the recovery process. Reversing the generator in the conventional pumping mode procedure creates difficulty for utility-scale grid interconnection due to the inefficiencies of stopping a large generator and reversing the system as a motor [5] . A variation on the concept of using a separate motor and generator for the recovery phase and power phase are considered by the researchers at TU Delft [8] . The non-reversing pumping mode AWE system is illustrated in Figure 1 (see [5] for greater detail).
Compared to the conventional wind turbines, the need for less mechanical and civil construction has made AWE systems an ideal technology for floating offshore wind energy systems where the size of offshore construction is significantly critical [8] [9] [10] . A factor which is more important when reported studies show increasing attention to the offshore wind resources due to higher wind energy availability, less environmental effects and less land limitation in comparison with on-land wind energy systems [11, 12] . For instance, the potential of Ireland for the installation of offshore and on-land wind energy systems by 2050 is 30 GW and 11-16 GW, respectively [13] , almost double the capacity for offshore wind compared to on-land wind. Furthermore, the Irish maritime area is ten times larger than the country's landmass providing an exceptional land area for the installation of floating wind energy systems [14] .
The direct interconnection technique is a new approach to improve the cost and availability of offshore wind energy systems. Pican et al. first introduced the direct interconnection technique (DIT) in 2011 for conventional offshore wind turbines [15, 16] . In this technique, unlike the conventional approach, all the offshore units are directly interconnected to each other without any power electronic converter. After dispatching the generated power to shore, the farm power is converted in compliance with grid codes by a back to back converter or several paralleled back to back converters. Given that the power electronic converters possess a high rate of failure among the wind turbine sub-assemblies [17, 18] and given high expenses of off-shore operations for offshore located back to back converters, this method could provide a significant improvement in the economy and the reliability of the offshore airborne wind energy systems. The direct interconnection technique and the conventional approach for off-shore power integration are illustrated in Figure 2 . The first DIT implementation attempt for AWE systems is reported in [5] . In [5] , a DIT algorithm is implemented on an offshore AWE farm simulation model proving the initial feasibility of this technique for pumping mode AWE system. The research work of [5] is followed by [19] to investigate the performance of the directly interconnected AWEs under normal and fault conditions. However, there remain many questions about the efficiency and power control of the directly interconnected AWE systems that this current paper answers. This paper aims to evaluate and optimise the power control of the directly interconnected non-reversing pumping mode AWE systems. Considering AWE systems are directly interconnected to the main bus of the energy farm without any power electronic converter, the power control of the internal grid is an important question as it is a highly dominant factor on the efficiency and performance of the AWE energy farm. In this regard, this research focuses on the power control of the directly interconnected AWE generators inside the internal power grid of an energy farm. Three non-reversing pumping mode AWE systems are modelled and simulated as a minimum viable offshore energy farm. The AWE generators are directly interconnected to the main bus of the energy farm in accordance with the proposed algorithm and by use of automatic frequency and synchronisation controllers. The interaction of the directly interconnected AWE systems inside the internal power grid is studied. Active power, reactive power, power factor, voltage sag and total harmonic distortion (THD) are measured and analysed for the internal power grid of the AWE energy farm. A reactive power compensator (RPC) is designed and implemented to improve the reactive power exchange inside the energy farm internal grid. Also, a load sharing controller (LSC) controls the active power and load balance. Comparing the power generated by the directly interconnected non-reversing pumping mode AWE systems before and after adding the LSC and RPC shows significant improvements in voltage and current oscillation reduction, load balance, and reduction in reactive power of the internal power grid.
Simulation Model
The power system diagram of the modelled off-shore AWE farm is illustrated in Figure 3 . This model is also used in [19] for investigation on the implementation of DIT for AWE systems. For more information regarding the mathematical description of the model see [19] . As can be seen, the farm consists of three non-reversing pumping mode AWE systems. In this model, permanent magnet synchronous generators (PMSG) are used for the electrical power generation. Each AWE system is equipped with an automatic frequency controller (AFC). The AFC in conjunction with the kite flight controller attempts to regulate the incoming torque from the kite to achieve the operating frequency. The AFC is a proportional-integral (PI) controller providing control signals to the flight controller to keep the generator's frequency within the predefined range of operating frequency. The direct interconnection algorithm is demonstrated in Figure 4 . After reaching the desired frequency, the automatic synchronisation controller (ASC) starts to work. The ASC compares the frequency, voltage amplitude and voltage angle of the generator and the main bus and once they meet the synchronisation criteria (equal frequencies, equal voltages and equal voltage angles), it interconnects the corresponding AWE unit with the main bus. The ASC comprises three hysteresis controllers (on/off control action). Each hysteresis controller controls one of the synchronisation criteria (i.e., frequency, voltage amplitude and voltage angle). The ASC does not generate the breaker synchronisation command signal unless all three on/off controllers generate an "on" signal at their outputs.
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Before the interconnection, each system is connected to a local resistive dump load, and after the main bus interconnection, the generator is connected to the load along with the other interconnected AWEs. Table 1 shows the specifications of the modelled offshore AWE farm. The nominal frequency of the farm is 18.6 Hz. Controlling the frequency of the farm within an appropriate range around the nominal value is critical for efficient power generation considering the wind speed and the rated frequency and speed of the system components such as the generators. The operation cycle of the AWE systems is 120 s with a duty cycle of 80% which means each generation unit operates 96 s in the power phase of operation and 24 s in the recovery phase of the operation. To achieve a continuous power at the main bus a 26 s delay between the operations of the generators is implemented. The simulation is performed by MATLAB/Simulink Simscape Power Systems software, version number 9.2.0.556344 (R2017a). interconnected AWEs. Table 1 shows the specifications of the modelled offshore AWE farm. The nominal frequency of the farm is 18.6 Hz. Controlling the frequency of the farm within an appropriate range around the nominal value is critical for efficient power generation considering the wind speed and the rated frequency and speed of the system components such as the generators. The operation cycle of the AWE systems is 120 s with a duty cycle of 80% which means each generation unit operates 96 s in the power phase of operation and 24 s in the recovery phase of the operation. To achieve a continuous power at the main bus a 26 s delay between the operations of the generators is implemented. The simulation is performed by MATLAB/Simulink Simscape Power Systems software, version number 9.2.0.556344 (R2017a). Figure 5 shows the torque provided by the kite and the tether to the generator. The torque is modelled as a constant torque with two fluctuating components added to it; a sinusoidal torque representing the periodic manoeuvre of the wing in figure-of-eights inflight and a band-limited white noise torque describing the wind turbulence. Given that the AWE technology is still under development and most AWE projects are in the prototype stage, large datasets of kite test results for modelling the torque from the kite and tether are not available yet. Hence, it is difficult to model the actual shaft torque generated by the kite. However, comparing the torque in Figure 5 with the represented results in [5, [20] [21] [22] [23] , shows the torque in Figure 5 can be considered comparable to the torque in experimental systems.
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The mechanical torque regulation can be performed by sending a command signal to the kite controller which alters the trajectory and aerodynamic properties of the wing. Figure 11 demonstrates the generators and the bus currents after adding the LSC. As can be seen, the load is divided equally between the generators. For instance, between t = 96 s and 120 s when AWE1 is in the recovery phase, the generated currents by AWE2 and AWE3 increase evenly to 110 A. As mentioned, after interconnection of all generators to the main bus, AFC1 operates as the pilot controller to control the farm frequency. In the load sharing strategy, AWE1 is the only generation unit which is permitted to generate slightly more than other generators for the frequency regulation. Comparing Figures 9 and 11 shows the implementation of the LSC causes a significant reduction in the main bus current fluctuations.
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where Ii is the RMS value of i-th order harmonic and I 1 is the RMS value of the fundamental frequency of the current. In Figure 16a it can be observed that without the implementation of the LSC and RPCs the main bus current THD can rise to 65.3%. Figure 16b shows the maximum current THD is decreased to 27.94% by the use of LSC and RPCs which is a 57.21% decrease in current THD at the main bus. This significant improvement in the THD of the power generated by the directly interconnected generators is highly effective in the reduction of core losses in power transformers and electrical machines lowering the thermal stress on the farm internal power grid equipment [30] . However, this THD is still unsuitable for electric power consumers as according to the IEEE Std. 519-1992 the current THD at the point of common coupling (PCC) with the infinite power grid must be below 5% [30] . Hence, THD must be reduced to less than 5% for the grid interconnection by the implementation of one or several paralleled back to back power electronic converters in the onshore substation before integration with the infinite power grid. As mentioned, such converters are, in any case, required for frequency and voltage compliance. 
Discussion and Conclusions
The direct interconnection technique is a novel approach for the integration of offshore airborne wind energy systems. In this technique, transferring the power electronic converters from the offshore site to shore can significantly improve the economy and reliability of the offshore AWE farms. However, this paper shows that the elimination of the power electronic converters from the terminals of the generators and the integration of AWE generators directly to the offshore main bus 
The direct interconnection technique is a novel approach for the integration of offshore airborne wind energy systems. In this technique, transferring the power electronic converters from the offshore site to shore can significantly improve the economy and reliability of the offshore AWE farms. However, this paper shows that the elimination of the power electronic converters from the terminals of the generators and the integration of AWE generators directly to the offshore main bus can lead to less controllability and, hence, reduced power factor, significant reactive power exchange between the generators, poor load balance, and wild fluctuations in voltage and current. Accordingly, a DIT internal power grid needs power controllers to improve the efficiency and reliability of generated power. It is shown that without controlling the contribution of each generator in the active power generation, the load is divided unequally between the generators. This uneven load sharing loads some generators more than other generators and can be harmful to the overloaded generators and the internal power grid equipment, such as transformers, breakers, and capacitors.
The reactive power exchange between the directly interconnected airborne wind energy systems has been analysed. It is shown that when an AWE unit operates in the recovery phase, it exchanges a considerable amount of reactive power with other interconnected machines to stay synchronised with them. This reactive power exchange causes a significant circulating current within the AWE energy farm leading to a reduced active power capacity of the energy farm and increased power losses of the internal power grid equipment such as transmission lines and transformers.
A load sharing controller is designed and implemented to control the load balance inside the farm. The LSC measures and compares the generated current of each generator and the total bus current to maintain load balance. Comparing the generated current before and after adding LSC shows a significant improvement in the farm load flow. With LSC included, the generators give an equal contribution to the load demand, and even when a unit is in recovery the generated power from the other generators increases equally in response to the power shortage.
Reactive power controllers (RPC) are developed and implemented for each AWE unit to control the reactive power exchange. The reactive power exchange before and after adding RPCs is compared. The simulation results show that the use of RPCs considerably decreases the reactive power exchange between the directly interconnected AWE systems. Additionally, it causes a significant power factor improvement and 95% reduction in the amount of circulating current inside the internal power grid. Voltage sag and THD have been investigated. It is shown that by the appropriate control of active and reactive power for directly interconnected pumping mode AWE systems it is possible to make a reduction of 57.21% and 50% in current THD and the number of voltage sag events, respectively. Similarly, considerable improvements in the magnitude and duration of voltage sag events are achieved by the implementation of the LSC and RPCs.
Controlling active and reactive power is a critical factor for improving the reliability and efficiency of the directly interconnected airborne wind energy systems. This research has achieved a notable improvement in the quality of power inside the internal power grid for the directly interconnected AWE systems by the design and implementation of appropriate active and reactive power controllers. However, due to the variable mechanical power input from the AWE kites, this power still requires on-shore power electronic converters (back to back converters) prior to integration with the infinite power grid or load.
This paper focuses on the ground station of AWE systems and assumes that the AWE's kite is ideally controllable for torque regulation. Due to the lack of experimental test results, it is not possible to understand how far the kite and flight controller can collaborate with the controllers of the direct interconnection technique. In future work, this must be investigated by adding an aerodynamic model of kite including feasible flight controllers to the current AWE farm model and the experimental testing of DIT on real AWE devices. Moreover, in the future this research work plans to study the integration of the directly interconnected pumping mode AWE systems to the infinite power grid via back-to-back power electronic converters.
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